https://mc06.manuscriptcentral.com/cjpp-pubs Collectively, our data delineate a novel role for STRN in regulating cardiomyocyte spontaneous contraction rate and the dynamics of the STRN/Cav-3/CaM complex.
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Abstract
Impaired cardiomyocyte contraction rate is detrimental to cardiac function and often lethal. Despite the advancement in the field, there is a paucity of information regarding the coordination of molecules implicated in regulating the heart rate.
Striatin (STRN) is a dynamic protein with binding domains to calmodulin (CaM) and caveolin (Cav), both of which are regulators of myocardial function. However, its role in cardiomyocyte contraction is not yet determined. Herein, we show that STRN is expressed in cardiomyocytes and it is more abundant in atrial myocardium than in ventricles. Cardiac expression of STRN (protein and mRNA) was developmentally regulated with the highest expression being at neonatal stage (day-one) and the lowest in adult rats (13 weeks). CaM pull down assay indicated that the interaction of cardiac STRN with CaM and caveolin-3 (Cav-3) was calcium sensitive.
Interestingly, the overexpression of STRN induced an increase (~2 folds) in the rate D r a f t
Introduction
Contractile dysfunction is tightly associated with disrupted sequence of events linking the excitation of cardiomyocytes to intracellular calcium [Ca 2+ ] i and contraction (a process designated the excitation-contraction (E-C) coupling) (Bers 2002) . Although the E-C module is constantly regulated by the autonomic system for rapid adjustments of the heart rate (HR) to the body demand, a sustainably elevated HR becomes maladaptive chronically and is often associated with mortality (Benetos et al. 2003; Cohn et al. 1984; Hori and Okamoto 2012; Jouven et al. 2005) . Moreover, variations in the basal HR in normal subjects are commonly accepted as predicators of increased risk of cardiac failure (Zhang et al. 2016) . Despite the tremendous advances in the field, a preventive strategy avoiding the detrimentally elevated HR remains far from being reached. This owes to the insufficient understanding of the molecular cues underpinning the E-C coupling mechanism and subsequently the rate of cardiomyocyte contraction.
Striatin (STRN) is a multivalent protein that was originally purified from highly active adenylyl cyclase (AC) rich fractions from rat brain synaptosomes, and was found to bind calmodulin (CaM) in a calcium sensitive manner (Bartoli et al. 1998; Castets et al. 1994; Castets et al. 2000) . Both CaM and AC are reportedly regulators of the E-C coupling in the heart and modulators of cardiac contractility (Maier and Bers 2002; Tang et al. 2010) . Further studies attributed a role for STRN in a calcium signaling complex regulating rat locomotor activity and the growth of dendrites in cultured neuronal cells (Bartoli et al. 1999) . Moreno et al. 2000) , caveolin-1 (Cav-1) (Gaillard et al. 2001 ) and G αi (Lu et al. 2004 ), all of which are regulators of calcium homeostasis and cardiomyocyte contraction (duBell et al. 1996; Feron et al. 1998; Grimm et al. 1998; Kamishima et al. 2007; Kuschel et al. 1999; Schilling et al. 2016; Young et al. 2001 (Meurs et al. 2010) .
Despite the structural features of STRN (interaction with PP2A, CaM, caveolin (Cav), G αi , and SLMAP), as well as its presence in highly active AC rich fractions, its role in cardiomyocyte contraction remains elusive. Herein, we report that STRN is expressed in cardiomyocytes and that its expression is developmentally regulated in the heart. We also found that cardiac STRN associates with the muscle specific caveolin (Cav-3) and CaM in a calcium sensitive manner. The levels of STRN were proportional to the contraction rate of cardiomyocytes but inversely proportional to the association of 
Real Time PCR
Ribonucleic acid (RNA) was extracted from heart tissues or cultured cells using the and A11011, respectively, Thermo Fisher Scientific) were diluted (1:1,000) in the same primary antibody solution and was applied to the cells for 1 hr at RT. Cells were washed twice (1X PBS) and visualized using LSM 510 confocal microscopy (Zeiss). Sections of labeled cells were sampled and images were processed using the LSM Pascal software.
The detector gain, laser power, and image-acquiring settings were maintained constant during image acquisition.
Calmodulin pull down assay
Calmodulin (CaM) Sepharose 4B beads (Cat# 17-0529-01, GE Healthcare) were equilibrated as per the manufacturer's protocol and were incubated with 1 mg of proteins from heart lysates of 13-week-old rats (for tissues) or from cell proteins (for cultured ventricular cardiomyocytes) for 1 hr at RT. The protein complex was precipitated by centrifugation at maximum speed and the pelleted beads were washed three times with RIPA buffer. The beads (containing the protein complex interacting with CaM) were subsequently suspended in loading buffer (1X) and boiled for 5 min to yield the interacting proteins. The beads were centrifuged for 1 min at maximum speed and the D r a f t proteins (supernatant) were size-fractionated on a polyacrylamide gel to assess for the presence of STRN and Cav-3 as described in the Western blot section. (Fig. 1A) . The myosin heavy chain (MHC) band appearing only in the cardiomyocytes lysate, along with the smooth muscle actin (SMA) band that was highly expressed in the noncardiomyocytes lysate confirmed the successful isolation of cardiomyocytes from other cells in provenance from neonatal rat hearts (Fig. 1B) . Immunofluorescence using the monoclonal anti-STRN antibody on cultured cardiomyocytes revealed a diffuse distribution of STRN within the sarcoplasm, as well as a clear clustering the sarcolemma (arrows in figure 1C ) and the nucleus. The alpha-actinin staining was used as a marker of cardiomyocytes.
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Results
Striatin is expressed in cardiomyocytes.
The expression of cardiac striatin is developmentally regulated. (Fig. 3) . These results suggest that cardiac STRN plays a role in Cav-3 and calmodulin signaling in a calcium dependent fashion.
The spontaneous contraction rate of ventricular cardiomyocytes is controlled by striatin levels.
Since both Cav-3 and CaM play a central role in regulating calcium homeostasis and cardiomyocytes contraction, we monitored the spontaneous contraction rate in ventricular cardiomyocytes with depleted endogenous STRN using shRNA (STRN-shRNA). Data in figure 4A confirmed a successful KD of STRN gene using adenoviral transduction particles. Surprisingly, KD of STRN reduced the spontaneous contraction rate of cardiomyocytes by almost 40% when compared with those carrying the scrambled shRNA (Ctrl-shRNA) (Fig. 4B) . In contrast, the OE of STRN (Fig. 4C ) induced approximately a two-fold increase in the spontaneous contraction rate of cardiomyocytes (Fig. 4D) . This data provides a cogent proof that the levels of STRN are critical to maintain proper cardiomyocytes contraction rate.
Striatin modulates the stability of the Cav-3/CaM complex in cardiomyocytes.
Our data showed a calcium sensitive interaction between the components of STRN/Cav-3/CaM complex. In addition, the levels of STRN revealed essential for cardiomyocyte The expression of STRN in the heart, particularly in ventricular cardiomyocytes, is controversial. Early studies indicated that STRN mRNA transcripts and/or proteins were found in several tissues including the brain, cerebellum, spinal cord, spleen and lungs, but not in the myocardium (Castets et al. 1996; Castets et al. 2000) . Recent studies revealed that STRN expression was increased in cardiac lysates of rats with high sodium diet (Ricchiuti et al. 2011) , but decreased in the desmosomes of cardiac histological sections of boxer dogs, a model for ARVC (Meurs et al. 2010 During cardiac ontogeny, proteins implicated in the maturation of the E-C coupling undergo substantive changes in their expression levels [reviewed in (Wetzel and Klitzner 1996) ], and the regulation of calcium homeostasis parallels the spatial and temporal organization of the E-C module (Ziman et al. 2010) . This suggests that STRN may be essential for the maturation and organization of the E-C coupling module in ventricular cardiomyocytes since its expression pattern during cardiac development paralleled that of NCX which is involved in the pacing activity of cardiomyocytes (Boerth et al. 1994; Verdonck et al. 2004) . In fact, our data showed that overexpression of STRN in ventricular cardiomyocytes increased their spontaneous rate of contraction which may contribute to ventricular fibrillation. However, the KD of STRN exhibited the opposite effect on the rate of contraction. It is worth noting that the SA nodal cells, which exhibit higher spontaneous contraction rate than the rest of the cardiac myocytes (Marvin et al. 1984) , were absent from our ventricular cardiomyocyte culture. Nonetheless, the pacing activity of ventricular cardiomyocytes acquired as function of days in culture (4 days in our experimental model) is in line with previously reported studies (Kimura et al. however, the levels of striatin appear to be critical for this association. Whether STRN exerts its effect directly on the E-C module or whether it regulates the contraction rate via the Cav-3/CaM complex remains to be determined. A plausible explanation for these D r a f t phenotypical changes in contraction rate is that the increased amounts of the dissociated Cav-3 from STRN/CaM complex may induce positive chronotropy in cardiomyocytes.
However, it has been reported that the overexpression of Cav-3 results in negative chronotropy in vivo (Schilling et al. 2016 ). On the other hand, the stabilization of Cav-3 to plasma membrane is critical to maintaining proper cardiac function (Naito et al. 2015) .
In fact, heart failure is associated with decreased expression of Cav-3 (Feiner et al. 2011 ).
The disruption of caveolae, or the knockdown of Cav-3, reduced L-type calcium channel (LCC) currents in cultured cardiomyocytes (Balijepalli et al. 2006 ). This suggests that the effect of STRN overexpression on positive chronotropy may be mediated by targeting
Cav-3/CaM to the sarcolemma while the opposite phenotype occurs when silencing the STRN gene.
In conclusion, our data established a novel role for cardiac STRN in regulating the spontaneous contraction rate of ventricular cardiomyocytes, possibly via the modulation of the Cav-3/CaM complex. Our findings provide essential information on the regulation of the E-C coupling in cardiomyocyte and crystalizes STRN out as a novel gene for therapeutic strategies and control of detrimental tachycardia. It is also possible that STRN could be important in determining the spontaneous beating, maturation and differentiation of pluripotent stem cells into ventricular cardiomyocytes with SA node functional properties (Liu et al. 2016 GAPDH was used to confirm equal loading of proteins. * indicates p<0.05 that was considered statistically significant when using unpaired t-test (n=4). 
